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We perform high-field magnetization measurements on the triangular lattice antiferromagnet
Fe1/3NbS2. We observe a plateau in the magnetization centered at approximately half the satura-
tion magnetization over a wide range of temperature and magnetic field. From density functional
theory calculations, we determine a likely set of magnetic exchange constants. Incorporating these
constants into a minimal Hamiltonian model of our material, we find that the plateau and of the
Z3 symmetry breaking ground state both arise from interplane and intraplane antiferromagnetic
interactions acting in competition. These findings are pertinent to the magneto-electric properties
of Fe1/3NbS2, which allow electrical switching of antiferromagnetic textures at relatively low current
densities.
The electrical manipulation of antiferromagnetic spin
textures has the potential to effect transformative tech-
nological change [1]. Exotic magnets with complex inter-
actions are of special interest in this field, because they
are likely to leverage novel mechanisms for their manip-
ulation, possibly allowing ultra low-power or ultra-fast
functionality. Diagnosing the relative magnitude of these
interactions gives a direct insight into these mechanisms.
The existence of magnetization plateaus at fractions of
saturation, when a material is subjected to large external
magnetic fields, is a powerful tool to this end [2].
In this work we study magnetization plateaus in
the antiferromagnet Fe1/3NbS2, a magnetically interca-
lated transition metal dichalcogenide which has recently
been found to exhibit reversible, electrically-stimulated
switching between stable magnetic states [3]. This be-
havior has been seen with considerably lower energy re-
quirements in Fe1/3NbS2 as compared to the other sys-
tems [3], raising the question of whether the mechanism
differs significantly [4, 5]. At the center of this ques-
tion is the nature of the magnetic ground state, which
has been challenging to determine because collinear and
non-collinear order are energetically close and the true
ground state depends strongly on the magneto-crystalline
anisotropy [6]. The nature of the underlying ordering
in Fe1/3NbS2 has been studied by both neutron scatter-
ing [7, 8] of magnetic order and optical linear birefrin-
gence microscopy [9], which probes nematic structure in
the electrical conductivity. Both measurements — elec-
tric and magnetic — find indications of three-fold sym-
metry breaking in the ground state, whose origin is un-
clear.
∗ shannon haley@berkeley.edu or analytis@berkeley.edu
We report here a hitherto unobserved plateau in
the field-induced magnetization at half of the satura-
tion value. Such a plateau has previously been argued
to exist theoretically in both anisotropic classical [10]
and isotropic quantum [11] models of triangular lat-
tice antiferromagnets. In the isotropic case, the half-
magnetization plateau exists whenever there is a signifi-
cant next nearest neighbor magnetic coupling [12]. (We
will discuss the magnetic Hamiltonian inferred from mag-
netization measurements and spin-wave analysis in more
detail below.) Plateaus at one third of the saturation
magnetization have been studied extensively in triangu-
lar systems; their occurrence is often explained by the
stabilization of an up-up-down state by quantum fluctua-
tions (part of a phenomenon known as order-by-disorder)
[13–19]. However, experimental realizations of a half-
magnetization plateau on a triangular lattice are rela-
tively rare [15, 20], and their observation is strong evi-
dence for the presence of significant interactions beyond
the first nearest neighbor.
The implication from theory is that the same interac-
tions that generate the plateau are also responsible for a
threefold symmetry breaking stripe phase in the ground
state, for both quantum and classical models. The half-
magnetization plateau found in Fe1/3NbS2 thus gives a
strong clue to the physical mechanism of the threefold
symmetry breaking in this material in zero applied field,
and thereby provides a microscopic picture for the elec-
trically switchable antiferromagnetic texture.
Fe1/3NbS2 is a layered material with space group
P6322 No. 182 whose magnetism arises from the iron
which sits between layers of NbS2 (Fig. 1 (a)). These
magnetic atoms form triangular lattices in each layer,
with adjacent layers staggered with respect to one an-
other (Fig. 1 (b)). Charge from the iron atoms is trans-
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FIG. 1. (a) The crystal structure of Fe1/3NbS2. Iron atoms sit
between layers of NbS2, aligned with the niobium atoms above
and below. (b) Looking along the c-axis, the iron atoms in a
given layer form a triangular lattice. These triangular lattices
are shifted from layer to layer. Arrows indicate in-plane and
out-of-plane first and second nearest neighbors, labeled by
their relevant exchange constants.
ferred to the NbS2 conduction band, leaving them in a
2+ ionized state, with four unpaired localized electrons
per atom [21, 22]. The macroscopic behavior of the mate-
rial in low field is antiferromagnetic (AFM). The samples
discussed in this study were grown via chemical vapor
transport, as described in Ref. [23]. Using EDX and
ICP, the ratio of Fe:Nb was found to be 0.330:1.
Measurements of the magnetic susceptibility as a func-
tion of temperature in low applied fields show AFM be-
havior below a transition near 45K (Fig. 2 (a)). Fitting
to the paramagnetic regime, the Curie-Weiss Law yields
an estimate of 5 µB/Fe for the effective moment of the
material. This is in agreement with the values found in
the literature, which predominantly range from 4.3 to
5 µB/Fe [21, 24–27], although there is one report as high
as 6.3µB/Fe [28]. It should be noted that this is thought
to include a significant orbital contribution [28]. In gen-
eral, the effective moment is additionally distinct from
and slightly higher than the expected moment at satura-
tion.
Heat capacity measurements resolve two clear transi-
tions at zero field (Fig. 2 (b)). With the application
of field, these transitions move apart from each other in
temperature. The lower temperature transition has a fur-
ther splitting at higher fields, indicating the presence of
an additional intermediate phase.
High field measurements further elucidate the nature of
the phase transitions. Measurements at 0.6K and 20K of
the magnetization as a function of applied field are shown
in Fig. 3 (a). The full set of measurements, taken at
temperatures ranging from 0.6K to 50K, is given in [29],
and the phase boundaries determined in part from these
measurements are shown in Fig. 4. These measurements
were performed on a stack of about 30 co-aligned crystals,
which were roughly 1mm in diameter and had an average
thickness of 0.1mm.
From these measurements it can be seen that there
are three dominant phases at low temperature: (I) the
zero field phase characterized by a small magnetic mo-
ment, (II) the ‘plateau’ phase characterized by a nearly
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FIG. 2. (a) Curie-Weiss fits of both out of plane (H ‖ c) and
in plane (H ⊥ c) susceptibility yield an effective moment of
µeff = 5 µB/Fe, and single-ion anisotropy of approximately
D = 1 meV. (b) Heat capacity measurements show two tran-
sitions, which split with the application of field parallel to the
c-axis. Curves are offset to enhance visibility.
constant magnetic moment centered around half the es-
timated saturation moment, and (III) a high field phase
which approaches the fully saturated moment. The final
phase gets pushed above 60T at the lowest temperatures.
An intermediate phase bridging the zero field and plateau
phase has only a weak feature in the magnetization (see
Supplemental Material [29]).
The experimental phase diagram, Fig. 4, shows a non-
monotonic dependence of the ordering temperature on
applied field. This dependence can be explained by the
impact of an applied field on a reduced dimensional sys-
tem, as was argued by Sengupta et al. regarding the
tetragonal AFM [Cu(HF2)(pyz)2]BF4 [30]. Fluctuations
of the mean field become significant in such systems. As
the field increases, both the order parameter and these
fluctuations are suppressed. The latter effect leads to
an increase in the transition temperature in low field,
and the former takes over and brings down the transi-
tion temperature at higher fields. In our case, there is
the interesting addition of a second ordered phase, which
3is destroyed in that low field regime.
While the primary measurements were performed on
a stack of co-aligned crystals in pulsed field, the nature
of the plateau was confirmed both with a single crystal
in pulsed field, and with a stack of crystals in a 30 T DC
field. A comparison of these measurements to pulsed field
is found in the Supplement [29]. The DC measurement
was additionally used to scale the pulsed field data, whose
experimental apparatus measures magnetization up to a
constant scaling factor. The effect of the slight deviation
from the perfect 1:3 Fe:Nb ratio was examined by measur-
ing another growth with an Fe:Nb ratio of 0.339:1, to be
compared to our primary growth with a ratio of 0.330:1.
The underlying behavior is largely unchanged, although
there is some movement of the phase boundaries. This
data can be found in the Supplement [29].
To understand the physical mechanism responsible for
the magnetization plateaus (Fig. 3(a)), we study a min-
imal model motivated by our density functional theory
(DFT) calculations, the details of which will be discussed
later in the text. In addition to the single-ion anisotropy
D, we find that a model with nearest neighbor (NN) and
next nearest neighbor (NNN) exchange couplings within
a single Fe plane, as well as NN and NNN couplings be-
tween adjacent planes, is sufficient to accurately repro-
duce the ab-initio energies of various magnetic states. We
restrict our attention to the Fe atoms and their localized
d states, which form a lattice of S = 2 spins, and consider
a short-range Hamiltonian
Ĥ = E0 + 2J1
∑
〈i,j〉
Ŝi · Ŝj + 2J2
∑
〈〈i,j〉〉
Ŝi · Ŝj (1)
+ 2J1c
∑
〈ic,jc〉
Ŝi · Ŝj + 2J2c
∑
〈〈ic,jc〉〉
Ŝi · Ŝj −
∑
i
D
(
Ŝzi
)2
,
where J1 and J2 are the nearest-neighbor (NN) and next-
nearest-neighbor (NNN) exchange couplings within a sin-
gle Fe plane, J1c and J2c are the NN and NNN cou-
plings between adjacent planes and, crucially, D is the
magnetoanisotropy of Fe spins. E0 encompasses any
non-magnetic contributions to the total energy. The ex-
change coupling sums are over all unique bonds. We will
see that, in a large neighborhood of relevant exchange
coupling values, this model has three distinct phases at
zero temperature as the magnetic field is varied. (1) An
“AFM stripe” phase at low field with a magnetic unit cell
of 4 Fe spins, with 2 pointing up along +c and 2 along
−c in a stripe configuration. (2) A half-magnetization
plateau at intermediate field with a magnetic unit cell of
8 Fe spins, with three up spins and one down spin per
layer (denoted UUUD). (3) A saturated phase at high
field with a magnetic unit cell of 2 Fe spins which are all
pinned to point up, parallel to H. These configurations
are shown in Fig. 3 (c).
Half-magnetization plateaus have been observed before
in two close antecedents of Eq. (1) in the literature — one
with D = J1c = J2c = 0 in [11] and another with different
stacking of the triangular layers [10]. In reference [11], a
“stripy” AFM phase is preferred at low fields, and there
is a transition to a UUUD phase, which is stabilized by
the “order-by-disorder” mechanism. In reference [10], the
introduction of an interplanar interaction, and D 6= 0
broadens the region of stability for the UUUD phase at
the classical level, so it makes sense to expect plateaus
in Eq. (1).
Due to the spins being large (S = 2), we perform a
classical analysis of Eq. (1). We search for the ground
state of Eq. (1) using many different sized trial unit cells.
While a fully 3D classical Monte-Carlo simulations would
be more exhaustive, the present analysis is sufficient be-
cause high-field measurements of the nuclear magnetic
resonance suggest that the plateau has a relatively sim-
ple spin texture [29]. More details can be found in the
Supplement [29]. We find that the magnetic unit cell
for the ground state is always small over a very broad
range of parameters J , D, and h, with no more than 8 Fe
atoms. Intuitively, this small unit cell is consistent with
the short-ranged nature of the dominant interactions.
The classical analysis shows there is a large range
of couplings (J1, J2, J1c, J2c) which produce the three
phases observed as a function of magnetic field when
D > 0 is large. The key observation is that, for J1 > 0
and J2/J1  1, there is a large region in the (J1c, J2c)
parameter space that approximately reproduces the mag-
netization curves - the “stripy” AFM, UUUD, and UUUU
are the only three ground states for a wide range of
J1c/J1 > −1 and J2c/J1 < 0. In fact, the only 1/2-
magnetization plateau without a UUUD structure be-
tween the two layers occurs for only a small region of
parameter space. Phase diagrams are given in the Sup-
plement [29]. We may conclude that Eq. (1) qualitatively
reproduces the observed transitions in the magnetization
even without precise estimates for the coupling parame-
ters.
We now quantitatively predict the critical magnetic
fields for the transitions from the model Eq. (1). For
large D > 0, the transition from the stripe phase to the
plateau phase occurs when h = 4(J1 + J1c + J2) and the
transition from the plateau phase to the saturated phase
occurs when h = 12(J1+J1c+J2). Quantitative analysis
requires estimates of the parameters (J1, J2, J1c, J2c, D),
which we now ascertain through a combination of exper-
imental and numerical means. Following Ref. [31], we
can relate the magneto-crystalline anisotropy D to the
in- and out-of-plane Curie-Weiss temperatures, which are
found from the fits in Fig. 2(a) to be −110 K and −26 K,
respectively; this analysis yields D ≈ 1 meV. While
Ref. [21] gives slightly lower Curie-Weiss temperatures
(−135 K and −40 K), these values give a virtually un-
changed estimate of D, which is proportional to their
difference.
Our DFT calculations, performed with the Perdew-
Burke-Ernzerhof (PBE) functional [32] and Hubbard U
corrections [33], corroborate this picture. We note that
the calculated D, being a highly local property, is sen-
sitive to the Hubbard U used to approximately treat
4the localized Fe d electrons. This sensitivity has been
documented for several Fe-based compounds in previous
literature [34, 35]. However, the experimental estimate
of D allows us to choose a U value that yields a simi-
lar anisotropy, and with which to compute the exchange
constants in the minimal model. Using a Hubbard U of
0.3 eV in our PBE+U calculations at experimental lattice
parameters (see supplement [29] for details), we obtain
D = 1.09 meV, with the easy axis along c, in very good
agreement with experiment.
We then compute the Heisenberg exchange parameters
with PBE+U and U = 0.3 eV. Using six inequivalent
magnetic collinear configurations with Fe spins along the
c axis, we solve an overdetermined system of equations for
the unknown couplings (note that the anisotropy cancels
out since all configurations have spins aligned in the same
direction). The values of all J as well as D are given in
Table I.
D J1 J2 J1c J2c
1.09 0.76 -0.006 0.39 -0.22
TABLE I. PBE+U (U = 0.3 eV) values of magneto-crystalline
anisotropy D and NN and NNN interplanar and intraplanar
couplings in Eq. 1. Units are meV per Fe atom. With the
conventions used in Eq. 1 positive values for J represent AFM
couplings, negative values are FM, and a positive value of D
implies an easy-axis along c for the anisotropy.
As an experimental check, the Curie-Weiss temper-
atures can be related to the sum of all coupling con-
stants, giving an estimate
∑
i Ji = 6(J1 + J2 + J1c +
J2c) ≈ 1.1meV (assuming all couplings beyond near-
est and next-nearest neighbors are negligible), where the
factor of 6 arises because each atom has six nearest
and next nearest neighbors. This is somewhat in ten-
sion with our PBE+U results, which from Tb. I gives
6(J1 +J2 +J1c+J2c) ∼ 5.4 meV. Despite the fairly large
overestimate, our PBE+U calculations, with U = 0.3 eV
so that D ∼ 1 meV, notably yield reliable relative values
of exchange constants consistent with the estimates based
on our experiments. Our choice of U also leads to The
AFM stripy phase being predicted to have the lowest en-
ergy of all collinear magnetic configurations examined, in
line with the results of our classical model and previous
neutron data [8]. Moreover, the tendency for DFT+U
to overestimate exchange constants at small or near-zero
values of U is well documented [36–38]. Knowing our
PBE+U results likely overestimate the Heisenberg cou-
plings while capturing their relative values, following pre-
vious work [39] we uniformly scale J1,J2, J1c and J2c so
that 6(J1 + J2 + · · · ) = 1.1 meV, in line with our Curie-
Weiss data, and closely agreeing with the data in Ref.
[21], whose fitted temperatures predict a slightly higher∑
i Ji ≈ 1.3 meV.
Taking the new parameters (J1, J2, J1c, J2c, D) =
(0.15,−0.0012, 0.077,−0.044, 1.09) meV, we can semi-
quantitatively reproduce the magnetization curve. We
estimate the g-factor as g = 2.09 = gFe [40]. This yields
Stripe 12 Plateau Saturated
a
b
c
(c) Phases
0 20 40 60
Applied Field (T)
0
2
4
M
ag
ne
tiz
at
io
n
(µ
B
/
Fe
)
H ‖ c(b) Classical Model
0K
0 20 40 60
Applied Field (T)
0
2
4
M
ag
ne
tiz
at
io
n
(µ
B
/
Fe
)
H ‖ c(a) Measurement
20K
0.6K
FIG. 3. (a) Magnetization response of Fe1/3NbS2 to an out-
of-plane pulsed field. (Data from a 25T pulse is used below
15T for the 0.6K curve.) At 0.6 K, the magnetization shows
two flat plateaus at 0 and 1/2 of the saturated magnetization
(dashed line). At 20 K a further transition, likely to a fully
saturated state, is observed near 60 T. (b) Magnetization
response of the model, Eq. (1), computed classically. Three
plateaus are clearly visible: a stripy AFM phase, a UUUD
phase, and a saturated PM phase. Calculational details are
given in the Supplemental Materials [29]. (c) Cartoons of the
spin configurations in the eight site unit cell.
estimated critical fields of 15 T and 45 T, as shown in Fig.
3. With no fitting to the experimental magnetization in
Fig. 3, we already have found remarkable agreement be-
tween theory and experiment. It is shown in the Sup-
plement [29] that changing the J values slightly - within
a range still consistent with our expectations based on
Curie-Weiss - moves the transition fields into even better
agreement.
The UUUD phase responsible for the half-
magnetization plateau is stable at the classical level
over a wide range of applied fields. The model Eq.
(1) qualitatively reproduces the critical field strengths
and quantitatively captures the magnitude of the
magnetization. However, it fails to describe some of the
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FIG. 4. The full experimental phase diagram of Fe1/3NbS2, as
a function of temperature and field applied along the c-axis.
The two phases visible at low temperature are different an-
tiferromagnetic orderings, corresponding to (nearly) zero net
magnetization and the 1/2 magnetization plateau (I and II
respectively). Our calculations suggest that at low tempera-
ture, the former is a stripe phase while the plateau is UUUD.
An intermediate phase bridging the stripe and UUUD phase
has also been found, of unknown origin. This phase boundary
was determined in part via torque magnetometry; more de-
tails on this measurement are found in [29]. Good agreement
is seen between phase boundaries determined by the heat ca-
pacity and pulsed field magnetization measurements. Phase
boundary lines are a guide to the eye.
fine features of the measurements, such as the small,
positive slope of the magnetization within plateaus
and the intermediate phase detected by measurements
between the plateau and stripy order. The symmetry
constraints of the switching reported in Ref. [3] also
indicate an in-plane component to the moment at zero
field which is not accounted for in this model. To
capture the remaining fine features of Fe1/3NbS2 would
require a more sophisticated 3D model with vastly more
parameters and temperature effects, similar to [6, 10].
On the other hand, as a minimal model that only
includes a subset of the degrees of freedom, the model is
highly consistent with measurements and seems to have
identified the dominant interactions responsible for the
magnetization response of Fe1/3NbS2.
The applicability of the lattice model suggests that
Fe1/3NbS2 is proximate to many other phases, some of
which are possibly similar to supersolid phases discussed
by Seabra and Shannon [10]. One of these may describe
the boundary phase dividing stripy and plateau orders
in Fig. 4. As described in the Supplement [29], this
intermediate phase has a kink in the magnetization at
approximately ∼ 1.6µB , or around a third of the satura-
tion magnetization. This may associate the intermediate
phase with an UUD transition which appears naturally in
the same lattice models [10], but our data is inconclusive
on this matter.
The agreement of the experimentally observed magne-
tization with a classical model suggests that the mag-
netic behavior, while originating from many compet-
ing interactions, involves conventional magnetic phases.
This model could be further confirmed by inelastic
neutron scattering. The existence of an UUUD half-
magnetization plateau had previously been studied as a
result of strong next-nearest neighbor interactions within
the triangular-lattice plane; we have determined that it
is not limited to that case, as we see its emergence from
strong interplanar interactions. The determination of
these interactions and of the abnormally strong single-ion
anisotropy has a large impact on the zero-field ground
state of this material; the three-fold symmetry break-
ing seen in optical measurements [9], for example, orig-
inates from a magnetic order driven by a large ratio of
J1c/J1 ≈ 1/2, likely stripy in nature with a significant
c-axis component. It is interesting to consider the im-
plications for the electrical switching of the spin texture
of this material. In the typical mechanism, an in-plane
Ne´el vector can be naturally rotated by the angular mo-
mentum imparted by an in-plane spin polarized current.
In contrast, Fe1/3NbS2 has a Ne´el vector that is predom-
inantly pointed out-of-plane, so that a different kind of
mechanism to transfer angular momentum is likely to
be active. The present work suggests that this leverages
both strong inter- and intra-planar exchange interactions.
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